Molecular diagnostics for infectious diseases is important in a clinical setting for disease management and infection control. During the last decades, PCR-based technologies increased the capability to detect pathogens and results were available within the same or next day when maintaining a proper diagnostic policy \[[@B1]\]. From a clinical perspective, timely detection is essential for patient management, definitely at the emergency department (ED) with a narrow window of opportunity.

No treatment options are available for most respiratory viruses. As a result, rapid diagnostics for respiratory viral infections are often focused on testing for influenza virus only, and additionally for respiratory syncytial virus (RSV) mostly in children. Although antigen testing is still frequently used, molecular testing is currently the gold standard. Not only for influenza virus and RSV, but for a larger syndromic panel of viral and bacterial respiratory targets, causing lower and upper respiratory tract infections (LRTI and URTI) \[[@B2]\].

According to the integrated stewardship model \[[@B3]\], diagnostic stewardship involves the performance of proper diagnostic testing that has immediate effect on hospitalization, patient isolation and antimicrobial therapy. This requires clinical laboratories to maintain and enhance their diagnostic assays in order to detect a variety of clinically important respiratory pathogens and adapt it to the regional and local microbial epidemiology. This has become evident during the enterovirus D68 upsurges in Europe \[[@B4],[@B5]\]. Additionally, the criteria for diagnostic assays must meet high performance standards \[[@B6]\]. Good sensitivity and specificity of the assay, as well as the ability to detect pathogens within a short period of time (preferably while the patient is still in the ED), are necessary to have an impact on clinical management like therapeutic interventions, disease management and infection prevention \[[@B7]\].

Tertiary care hospitals have the challenge that a vast amount of isolation rooms are reserved for specific patient groups like transplantation or oncology patients. However, especially during respiratory seasons, an increased number of patients present themselves at the ED. These patients are admitted to an isolation room in order to prevent potential spreading of a viral infection, until the diagnostic test results are available. This delay has a negative impact on the patient flow through the hospital, as well as a negative financial impact because beds are blocked for other patients and healthcare productivity decreases \[[@B10]\]. Bed management (occupancy) could be improved with appropriate and rapid diagnostics while the patient is still present at the ED, to prevent unnecessary isolation and to enable adequate cohorting of patients.

Currently, rapid, sensitive and specific amplification-based assays have become available shifting the trend from single-target testing to multiplex syndromic respiratory testing, as well as from centralized to decentralized point-of-care (POC) testing \[[@B1],[@B11]\]. The use of these assays for respiratory targets has been described before and the clinical benefit is mainly due to the decreased turnaround times (TAT) and the large number of targets that can be detected. However, questions on comprehensiveness, reliability and financial impact (cost--benefit) remains \[[@B14]\]. Therefore, the aim of this study was to create an optimal diagnostic policy for respiratory viral infections including the implementation of a rapid syndromic diagnostic assay. With a critical window of opportunity in a hospital-broad setting, we also assessed the value of rapid diagnostic testing for patients with respiratory viral infections at the ED. We therefore have conceptualized the so-called euro--hour (€h) model, to describe and discuss the financial impact \[[@B3]\].

Methods {#S0001}
=======

The diagnostic routing starts with patient admission at the ED and includes timely sampling and dispatching the samples to the clinical virology laboratory close to the ED in the same hospital, using a rapid tubing system. The diagnostic assay is performed in the clinical virology laboratory, which assures an optimal controlled setting. Reporting the diagnostic result to the physician at the ED completes the diagnostic routing.

The improved diagnostic policy (see [Figure 1](#F1){ref-type="fig"}) was characterized by three main measures throughout the diagnostic chain in order to increase diagnostic impact by reducing the TAT. First, sampling of patients with respiratory symptoms in early stage of triage, meeting the criteria (see below). Second, implementation of a rapid diagnostic assay, the FilmArray system V1.7 (BioFire/BioMerieux, UT, USA), performing the respiratory panel (RP) according to the manufacturer\'s protocol. The assay generates results within 70 min and includes 17 viral targets and three bacterial targets \[[@B11]\]. Third, extending the diagnostic service to 7 days a week from 8.30 am to 10 pm, between mid-December 2014 and early April 2015. This was continued in later respiratory seasons.

![The schematic presentation of our optimal diagnostic policy for respiratory viral infections in patients that were admitted to the emergency department.](fmb-15-623-g1){#F1}

Patient selection & testing {#S0002}
---------------------------

Adult patients (18 years and older) presenting themselves at the ED of our tertiary care hospital (1339 beds and a total of \~35,000 ED visits each year), were included in this study when they were identified with acute respiratory illness, pneumonia, exacerbations of underlying conditions like asthma, COPD or similar, and when they had two or more of the following symptoms that were indicative for a respiratory viral infection: cough, cold, sore throat, temperature above 38°C or general signs of fever. During the respiratory season of 2014--2015, from mid-December to early April, a total of 641 diagnostic tests were requested by the ED, of which 492 complete sets of data were available for analysis. Median age of this group was 62 years old (IQR: 49--72) and gender distribution was 49% females and 51% males.

Time of patient registration at the ED and time of diagnostic request were recorded -- indicating the TAT at the ED. The time of the test results subsequently indicated the TAT at the clinical virology laboratory. This included order entry, performing the test and communication of the results to the treating physician at the ED.

Patients tested positive for a pathogen could be admitted to a ward with virus-specific cohorts. This represents a diagnostic and logistic scenario, in order to prevent potential spreading of a virus, without occupying single rooms. Especially in the respiratory season with an increased number of influenza virus A detections (type H3N2 or H1N1), this method aims to increase the bed capacity and to improve the patient flow within the hospital. The number of isolation events that could be avoided due to the rapid feedback of negative test results were analyzed, as well as the impact on decisions for hospitalization and prescribing antibiotic or antiviral therapy.

The very few patients admitted to the hospital between 10 pm and 08.30 am were not specifically targeted for this new rapid policy, because this would be very expensive for relatively small benefits, but these patients remained included for calculating TAT, reflecting daily clinical practice.

Additionally, a selection of 260 samples that were initially tested negative with the FilmArray RP, were retested with our laboratory developed test (LDT) to calculate the negative predictive value (NPV).

The euro--hour concept {#S0003}
----------------------

The €h concept was applied and €h was calculated by multiplying the costs with the total TAT \[[@B3]\]. This under the premise that rapidness in identification leads to earlier decision making and safer healthcare. Costs of safer healthcare is therefore a product of the laboratory costs (no additional costs are envisaged for the ED and were therefore be neglected in the equation) multiplied by the time to reporting of the result. This was done for the 'former' diagnostic policy using the LDT, as well as for the 'new' diagnostic policy using the rapid test (FilmArray RP). The LDT was a multiplex real-time PCR assay and included the same viral targets as the FilmArray RP \[[@B11]\]. The LDT result also included a Ct value as a relative measure of viral load, and distinguishes between enterovirus and rhinovirus and between RSV A and RSV B. No bacterial targets were included in the LDT.

Based on internally available data, the costs for performing a multiplex LDT ranged from €200 to €240 per sample. This included labor costs, costs for reagents and run controls, depreciation and maintenance of equipment, external quality control as well as 20% overhead. In the new diagnostic policy with the use of the FilmArray RP, these costs increased, ranging from €250 to €300 per result, which also included additional labor costs for the extended working hours.

Based on a LEAN project at the ED, the mean total TAT of the former diagnostic policy was known to be 36 h: 17 h between the request at the ED and the start of diagnostic processing and subsequently 19 h at the laboratory (of which 28% of the results within 5 h and 72% within 24 h). The relatively long TAT was due to the batch-wise approach and a nonoperational laboratory during the evening and weekends.

Statistics {#S0004}
----------

The median with interquartile ranges (IQR) were used to express TAT of the new policy. To compare the new versus the former policy, mean TAT were available.

Results {#S0005}
=======

An extensive and long respiratory season was observed, started at week 51, 2014, with an increasing number of influenza A virus-type H3N2-positive samples during the following 2 months. While the numbers of influenza A virus positives slowly dropped, we observed an increasing number of human rhinovirus (HRV), human metapneumovirus (hMPV), coronavirus (CoV)-OC43, CoV-229E, CoV-NL63 and RSV, starting from week 5 to week 13, 2015 ([Figure 2](#F2){ref-type="fig"}).

![Number of requests (upper dashed line in bold) and infections (colored bars) that were detected with the FilmArray RP during the respiratory season in 2014--2015, aligned per week (Monday--Sunday).\
The lower dashed line shows the positivity rate when a syndromic approach will not be applied -- influenza and RSV only.](fmb-15-623-g2){#F2}

The 492 diagnostic requests that were available for analysis resulted in the detection of 215 pathogens in 207 (42%) samples and 285 (58%) samples tested negative for any of the targets. Out of the 215 positive samples, 87 (41%) were influenza, 27 (13%) RSV and 101 (47%) were different viral pathogens. Detection rates are shown in [Table 1](#T1){ref-type="table"}. Co-infections were observed in eight patients and consisted of four patients with both rhinovirus and influenza A virus-type H3N2, two patients had a coinfection of CoV-NL63 and CoV-OC43, one patient had a coinfection of CoV-E229 and HRV and one patient had a coinfection of hMPV and HRV. Age and sex distribution is shown in [Table 2](#T2){ref-type="table"}.

###### Detection rates 2014/2015, using the FilmArray RP.

  Virus                          N         \%
  ------------------------------ --------- ----------
  Adenovirus                     0         0.0
  Coronavirus 229E               8         3.7
  Coronavirus HKU1               0         0.0
  Coronavirus OC43               10        4.7
  Coronavirus NL63               7         3.3
  Human metapneumovirus          33        15.3
  Human rhinovirus/enterovirus   36        16.7
  Influenza A                    6         2.8
  Influenza A H1                 0         0.0
  Influenza A H1-2009            8         3.7
  Influenza A H3N2               68        31.6
  Influenza B                    5         2.3
  **Influenza total**            **87**    **40.5**
  Parainfluenza 1                0         0.0
  Parainfluenza 2                0         0.0
  Parainfluenza 3                6         2.8
  Parainfluenza 4                1         0.5
  RSV                            27        12.6
  **Total viruses detected**     **215**   **100**
  Samples tested positive        207       42.1
  Samples tested negative        285       57.9
  **Total samples tested**       **492**   **100**

###### Patient characteristics.

  Parameters        Males      Females    Total
  ----------------- ---------- ---------- --------
  Patients, n (%)   253 (51)   239 (49)   492
  Mean age          60         58         59
  Median age        62         61         62
  IQR of age        50--72     48--71     49--72
  Range of age      18--94     18--97     18--97

IQR: Interquartile range.

Six samples showed initially an influenza A virus 'equivocal' result, of which three were confirmed by the LDT and three were negative after repeating the test (with LDT and/or FilmArray RP). Additionally, five results were 'invalid', of which two samples were positive for RSV, one for hMPV, one for HRV and one for influenza A virus type H3N2. Though, these five results were confirmed using the LDT.

Furthermore, 30 (12%) of the 260 samples that were initially tested negative using the FilmArray RP, were retested positive by the LDT assay for the following 31 viruses: 12 HRV, four influenza A virus, four CoV-229E, four CoV-OC43, three hMPV, two RSV B, one CoV-NL63 and one was enterovirus. Five of these had a Ct value of 27--30, eight results had a Ct value of 31--35 and the other 18 results had a Ct value of \>35. This sets the negative predictive value (NPV) of the FilmArray RP at 88%, important when negative test results are used for preventing isolation measures.

Improved diagnostic policy & TAT {#S0006}
--------------------------------

The median TAT at the ED (patient registration, sampling and dispatch sample to the laboratory) was 45 min (IQR: 31--82). 62% of all samples were dispatched for diagnostic testing within 1 h and 86% within 2 h ([Figure 3](#F3){ref-type="fig"}A). The median TAT of testing at the clinical laboratory was 110 min (IQR: 95--130). 59% of all results were obtained within 2 h and 93% within 3 h after the request had been received ([Figure 3](#F3){ref-type="fig"}B). The TAT did not show differences during any part of the day (data not shown). Four results were obtained after 12 h; three of these were due to the late patient registration after 09.30 pm, when the laboratory service was already closed. This resulted in a total median TAT -- from patient admission at the ED to the time of returning the result to the clinician at the ED -- of 165 min (IQR: 138--214). 59% of all results were obtained within 3 h and 83% within 4 h ([Figure 3](#F3){ref-type="fig"}C).

![The number of diagnostic tests with a certain turnaround time (TAT), per 30 minutes.\
**(A)** Represents the TAT in the emergency department, **(B)** the TAT of testing in the clinical laboratory and, **(C)** the total TAT.](fmb-15-623-g3){#F3}

The median length of stay of patients at the ED within our study population was 251 min (IQR 202--311 min). Because of this, 436 out of 492 (89%) test results were communicated to the clinician while the patient was still at the ED.

Diagnostic stewardship: hospitalization, patient isolation & antimicrobial therapy {#S0007}
----------------------------------------------------------------------------------

When examining the decision for hospitalization, 153 out of the 492 (31%) patients were not admitted, of which 66 (43%) were tested positive for a viral target. 330 (67%) patients were admitted to a clinical department in our hospital and nine (2%) patients were re-directed to a regional hospital. Within this group of 339 admitted patients, 141 (42%) were tested positive for a respiratory viral target, a similar percentage as in the group of patients who were not admitted.

From the 207 patients that were tested positive for a viral pathogen, 111 (54%) received antibiotics, 94 (45%) did not receive antibiotics and for two patients (1%) data were not available. In the 86 patients that were tested positive for influenza, 48 (56%) received oseltamivir, 37 (43%) did not receive oseltamivir and for one patient (1%) data were not available. These results indicate that the rapid diagnostic test result is not the critical parameter for the decision to admit a patient and to prescribe antimicrobial therapy.

Furthermore, 185 out of the 197 (94%) negative test results were communicated to the clinician before the patient was admitted to a clinical department in our tertiary care hospital. Hence, admission with isolation measures because of a suspected viral infection, could be prevented in these 185/330 (56%) admitted patients.

The euro--hour concept {#S0008}
----------------------

The mean TAT at the ED (patient registration, sampling and dispatch sample to the laboratory) was reduced from 17 h to 1 h and 12 min (1.2 h). The mean diagnostic TAT at the clinical virology laboratory was reduced from 19 h to 2 h and 2 min (2.03 h). This resulted in a reduction of the total mean TAT from 36 h with the former diagnostic policy, to 3 h and 14 min (3.23 h) with the new diagnostic policy. By applying the €h concept and taking the perspective of the improved mean TAT at the diagnostic laboratory, the impact of the new diagnostic stewardship was increased with a factor of 6.2--9.0 ([Table 3](#T3){ref-type="table"}). When the perspective of the improved mean TAT at the ED is also included in the calculation, the impact of the new diagnostic stewardship was increased more, with a factor of 7.4--10.7 ([Table 3](#T3){ref-type="table"}).

###### Euro--hour approach.

  Perspective                                      Policy           Costs per result (€)   ∼ TAT (h)   €h           Impact of new vs former policy
  ------------------------------------------------ ---------------- ---------------------- ----------- ------------ --------------------------------
  Diagnostic laboratory (clinical virology)        'Former' (PCR)   200--240               19          3800--4560   6.2--9.0
  New (FA)                                         250--300         2.03                   508--609                 
  Diagnostic laboratory and emergency department   'Former' (PCR)   200--240               36          7200--8640   7.4--10.7
  New (FA)                                         250--300         3.23                   808--969                 

Discussion {#S0009}
==========

Challenges in triage processes and logistics do continuously arise at the ED. During the respiratory season, the ED\'s have a high patient burden \[[@B15]\]. Usually it takes several hours to find an available location for the patient, which is inconvenient and also very costly. This has a negative impact on patient care and the patient flow within and between hospitals and admission stops or closing of hospital wards are unfortunately frequent events. This stresses the importance of having a proper bed management system, supported by an adequate diagnostic test and diagnostic policy to optimize the patient flow during hospital admission. In this study, we described the impact of implementing a rapid diagnostic assay in the clinical virology laboratory, for the detection of respiratory viruses in patients at the ED, within a new, hospital-wide diagnostic policy.

A focus only on targets that historically have been considered as important like influenza or RSV, showed that the respiratory season would have ended around week 8. However, since the number of requests from the ED did not decline significantly until week 12 -- the sample number even increased again during week 7--9 -- the new diagnostic service was extended to week 15. This shows the importance of diagnostic testing with a syndromic approach, with assays that are not only targeted at influenza and/or RSV.

It is a general assumption that rapid diagnostic results by means of appropriate diagnostic stewardship adapted to the local and regional epidemiological situation, implies clinical benefits for patient care. Our data showed that the TAT was significantly reduced as a result of three main measures. First, sample collection in the ED was brought forward during triage, immediately after patient registration. While previously this decision was made after the patient was at the ED for a certain period, sometimes even just before admission to a hospital ward. The second measure was extending the diagnostic service of the clinical virology laboratory to 10 pm, including the weekend. Finally, introducing a rapid diagnostic assay. In our setting, the location of the clinical laboratory is in the vicinity of the ED. The impact was not only improved by decreasing the TAT of the assay itself, but rather by the newly introduced policy, encompassing the whole diagnostic routing.

Interestingly, the rapid test results were in many cases not the critical parameter for the decision of hospitalization or prescribing antimicrobial therapy within this patient population. One of the reasons to start antibiotic therapy in patients that were tested positive for a viral pathogen, was a possible bacterial superinfection. This is crucial information for assessing the value of the performed (rapid) diagnostics. In contrast, this study revealed that during the respiratory season 56% (185/330) of the hospitalized patients did not need admission with isolation measures. They were tested negative before admission to a hospital ward. Generally, this implies a reduction of minimal one or two isolation days per patient, a significant benefit for the hospital wards as well as the continuously crowded ED. And because more beds are available for other patients, it has also an important financial benefit.

The negative predictive value (NPV) is also an important quality indicator regarding patient management and prevention of nosocomial infections. The quality of new commercial syndromic assays -- often expressed in sensitivity and specificity -- seems to approach the performance criteria of LDTs \[[@B16]\]. Although, the NPV that we calculated (88%) indicates that innovative diagnostics still needs to be critically evaluated before implementation, irrelevant whether CE-IVD marked, US FDA approved or CLIA waived.

The FilmArray RP does not provide quantitative information. In our study however, samples are often obtained in patients with an acute respiratory infection at the ED, when samples most likely have a high viral load.

TAT, performance indicators and costs are important parameters that defines the diagnostic value of an assay. From a managerial point of view, it is the responsibility of each healthcare institution to gain knowledge on the affordability of innovative diagnostics. Therefore, to assess the benefits of diagnostic testing, data such as reduced number of nosocomial infections, length of stay, isolation days or hospital admissions must be considered. Unfortunately these (clinical and financial) benefits are difficult to measure and in many cases even hardly available in The Netherlands, or data is not transparent, comparative or representative. Therefore, we conceptualized the euro--hour model \[[@B3]\]. This model might not be optimal, but it approaches the impact of a diagnostic test in patient care by multiplying costs of the assay by the TAT. In that perspective, the TAT reflects upon the clinical benefits including patient safety-related impact of a test result. The new diagnostic policy in this study showed a slight increase of costs, but also a huge decrease of the total TAT. Using the €h concept, this has led up to a tenfold increase of the impact, compared with the previous diagnostic policy.

In 2016, we introduced a middleware solution called Flow point-of-care or FlowPOC, that improves the overall (digital) communication. The expected time-to-result is sent to the digital patient file and after the test is finished, the result becomes automatically visible, including links to several protocols (e.g., influenza treatment and isolation protocols).

Conclusion {#S0010}
==========

In conclusion, diagnostic stewardship is crucial for creating an optimal hospital-wide diagnostic policy, in a co-creative manner \[[@B20]\]. Making use of the €h concept increases awareness, improves the understanding of previous non-transparent outcomes (for any stakeholder) and attributes added value to patient safety by including rapidity of TAT in the cost calculation. An improved diagnostic service which is related to slight increased (direct) costs for the clinical virology laboratory should be waged against improved outcomes, mostly regarding the patient flow within the hospital, and financial benefits obtained in the ED and other clinical departments. This is important since incentives for innovation are limited in many routine healthcare settings due to rigid and complex financing structures that exist.

Future perspective {#S0011}
==================

Rapid (commercial) diagnostic assays, so-called POC tests, are developed for implementation in various clinical settings and become readily available. No difficult procedures must be performed which seems very useful in certain settings like the ED of a hospital or when no laboratory with qualified staff is present.

The introduction of many of these assays will influence the system as a whole and might change the view on why and how diagnostics should be applied. This, however, differs per setting and should be reviewed by each medical professional that uses diagnostics for treatment of their patients or for patient management. The medical microbiology field must stay critical toward important parameters that define the value of a test, like TAT, the spectrum of targets in one test, quality indicators, finances and more. This also means that there should be a broader view than only the diagnostic parameters. A good laboratory-developed test with high quality, which is embedded in a relatively poor (slow, not effective) diagnostic policy, will not affect treatment or patient management. By only implementing a rapid (commercial) test, this will not change. The policy should fit the diagnostic service as well. This is similar for any promising diagnostics that will be available soon.

###### Summary points

-   An optimal diagnostic policy for patients with respiratory viral infections supports the implementation of a rapid diagnostic test, the FilmArray respiratory panel. Laboratory turnaround time (TAT) is part of the total TAT, logistics are equally important as well.

-   Diagnostic stewardship is a manner to use proper diagnostic testing for any therapy- and infection prevention-related clinical management of patients.

-   Collaboration of medical microbiology staff with the emergency department and clinical departments were key to get to an optimal diagnostic policy.

-   The mean turnaround time at the ED was decreased from 17 h to 1 h and 12 min. The mean laboratory turnaround time from 19 h to 2 h and 2 min. Thus, in total from 36 h to 3 h and 14 min, a more than tenfold decrease.

-   Syndromic testing revealed the complete picture of respiratory viral infections, detection rates showed that more than 50% of the positive samples were not influenza, still with a clinical picture that required the performance of a diagnostic test. These were RSV, human metapneumovirus, rhinovirus/enterovirus and coronavirus. Our study showed that this is important for preventing nosocomial infections.

-   For patient management, a negative test result is as important as a positive test result. In this study, admission into an isolation room because of a suspected viral infection, could be prevented in 185/330 (56%) patients admitted to our tertiary care hospital.

-   Laboratories must stay critical towards the quality of (new, commercial) diagnostic assays. Especially regarding patient management, which relies on the negative test result of such a diagnostic assay, the negative predictive value (NPV) is reflecting the reliability of the assay when used for isolation measures. The NPV for the FilmArray RP in this study was 88%.

-   While direct clinical benefits due to the implementation of a rapid syndromic test are difficult to measure, the €h concept helps to determine the value of a test with respect to patient safety. Using this concept, the impact of the new diagnostic policy was up to ten-times higher than the former policy.

-   45% of the patients that were tested positive for a viral pathogen, did not receive antibiotic therapy. 56% of the patients with influenza virus received antiviral therapy (oseltamivir). When diagnostic results are guiding antimicrobial therapy more routinely, these percentages could be improved.

-   All these bullet points together explain why (tertiary care) hospitals need to have proper antimicrobial, infection prevention and diagnostic (AID) stewardship programs in place, for the benefit of the patient.
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